Kv channels underlie the repolarization phase of the action potential in excitable cells including nerve and heart cells. The channel activation gate is controlled by membrane voltage, such that it opens after membrane depolarization and closes after hyperpolarization 1,2 . However, even when depolarization is maintained, and the activation gate remains open, most Kv channels still enter a nonconducting state, in a process called inactivation. Two mechanistically distinct types of inactivation are commonly recognized [3] [4] [5] : N-type inactivation, which results from occlusion of the channel's ion pore by the N terminus of either the channel protein itself or its (auxiliary) β subunit 4-6 , and C-type inactivation, whose mechanistic interpretation presently remains controversial.
Kv channels underlie the repolarization phase of the action potential in excitable cells including nerve and heart cells. The channel activation gate is controlled by membrane voltage, such that it opens after membrane depolarization and closes after hyperpolarization 1, 2 . However, even when depolarization is maintained, and the activation gate remains open, most Kv channels still enter a nonconducting state, in a process called inactivation. Two mechanistically distinct types of inactivation are commonly recognized [3] [4] [5] : N-type inactivation, which results from occlusion of the channel's ion pore by the N terminus of either the channel protein itself or its (auxiliary) β subunit [4] [5] [6] , and C-type inactivation, whose mechanistic interpretation presently remains controversial.
C-type inactivation enables Kv channels to perform important tasks such as shaping cardiac action potentials to allow for Ca 2+ influx sufficient to trigger effective myocyte contraction and accelerate repolarization. This phenomenon was originally discovered in voltagegated Shaker K + channels, on the basis of the observation that in the absence of the region that causes N-type inactivation, the channels still undergo inactivation, albeit at a much slower rate 5 . Furthermore, the inactivation kinetics differs between two splice variants; a variation in residue type (hereafter simply called mutation) at position 463 (in the ShB variant) has been identified as the cause 5 . This residue is located in the sixth transmembrane segment (S6), which was previously considered to be a part of the C-terminal region. This segment was later shown to form the intracellular part of the pore and the activation gate [7] [8] [9] . A subsequent study revealed that increasing the concentration of extracellular permeant ions antagonizes C-type inactivation, and mutations in the extracellular vestibule of the ion pore can also affect inactivation 10 . These and other findings have suggested that conformational changes in the extracellular part of the selectivity filter are the primary cause of C-type inactivation, whereas the mutation in S6 allosterically influences the inactivation process.
Herein, we adopt the following operational definition of C-type inactivation, which is based primarily on the original studies of Aldrich and colleagues 5, 10 . C-type inactivation reflects a nonconducting state that occurs even in the absence of N-type inactivation, exhibits an apparent dependence on activation gating, is allosterically influenced by the conformation of S6 and primarily involves changes in the extracellular part of the K + -selective filter. Because C-type inactivation is affected by many mutations around the selectivity filter itself and in S6 (refs. 5,10,11) , it is likely to be a common functional manifestation of multiple forms of the channel's overall structure.
One hypothesis regarding the mechanism of C-type inactivation is that the extracellular end of the ion pore becomes markedly constricted, thus preventing ion conduction. It is one of the two original interpretations of the observation that in a T449C-mutant Shaker channel (in which the point mutation is in the selectivity filter's external vestibule), Cd 2+ promotes C-type inactivation with very high affinity (K d = 0.2 µM; ref. 12) . Such strong Cd 2+ binding would typically require coordination by multiple cysteine residues ~4 Å apart; thus, one interpretation is that the extracellular part of the ion pore becomes markedly constricted in the inactivated state. This interpretation was called into question after crystal structures of wild-type and mutant Kv1.2 channels were solved 13, 14 . In these structures, Val377 (corresponding to Shaker Thr449) in any given subunit is 12-18 Å away from its counterpart (Cβ-Cβ) in another subunit 15 . The second original interpretation of the above finding with Shaker T449C is that the accessibility of the mutant cysteine differs between conducting and C-type inactivated states. An alternative hypothesis, based on a different line of reasoning, posits that C-type inactivation reflects dilation of the ion filter at the outermost K + -ion site (IS1), thus preventing the filter from binding K + ions and conducting K + current 15, 16 . 
r t i c l e s
In Shaker channels, C-type inactivation causes up to an approximately ten-fold decrease in current in the presence of a low concentration (2 mM) of extracellular K + (ref. 5) . In theory, a ten-fold decrease in a channel's steady-state open probability (P o ) corresponds to a free-energy change (∆G) of ~0.5 kT per subunit, a value on the same magnitude of the average inherent energy of an ideal monatomic gas molecule in each degree of freedom. In the framework of Monod, Wyman and Changeux's allosteric model 17 , one plausible view is that the selectivity filter spontaneously switches between conducting and nonconducting states, a process reflecting some bond activity of low free energy that gives rise to subtle structural changes. Energy from alteration, formation or elimination of other nearby or distant bonds may propagate to the filter and thereby alter the relative probability of the conducting and nonconducting states. For reference, if formation of a single hydrogen bond results in a ∆G of 2-7 kT, four such bonds in a tetrameric Kv channel would give rise to a total ∆G that could lower the channel's P o by approximately 10 3 -to 10 12 -fold. This view is consistent with the observation that C-type inactivation varies markedly among Kv subtypes and can be influenced by mutations outside the selectivity filter. For example, in addition to the aforementioned mutation in S6, the W434F mutation near the filter also dramatically enhances C-type inactivation, thus rendering the channel practically nonconducting 11, 18 . Intriguingly, Swartz and colleagues have shown that V478W in S6 also renders the Shaker channel nonconducting 19, 20 . The P o of a mutant channel, in which two of four symmetric 478 residues are replaced by tryptophan, is drastically lower than that of the wild-type channel, even though the voltage sensors remain functional 20 . The single-channel conductance of this mutant channel is essentially unaffected. These findings suggest that V478W allosterically stabilizes the selectivity filter in a nonconducting state, a hypothesis that we investigated in this work.
RESULTS
The V478W mutation favors inactivation in Shaker Kv channels As previously shown 19, 20 , in Shaker channels with N-type inactivation removed, the V478W mutation eliminates the ionic but not the gating current 21 (Fig. 1a) , thus effectively rendering the channels inactive. To further investigate the effect of the V478W mutation, we made a concatemeric cDNA expressing all four subunits as a single protein, thus allowing for replacement of fewer than four V478 residues per channel and consequently lessening the mutation's effect. This approach has previously been used to show that the apparent nonconducting behavior of W434F-mutant channels reflects enhanced C-type inactivation 11 . The concatemer channel itself was found to act similarly to the wild type (Supplementary Fig. 1 ). However, when three of the four V478 residues in the concatemer channel were replaced with Figure 1 The V478W mutation enhances C-type inactivation in Shaker channels. (a-c) Current traces of homotetrameric V478W (a) or 3/4 V478W-mutant channels (b,c). 3/4 V478W gating currents (b) and both gating and ionic currents (c), with ionic currents elicited by stronger depolarization. Currents in a-c were recorded from three different oocytes in the presence of 100 mM extracellular K + as membrane voltage was stepped from the −100-mV holding potential to between −90 and −10 mV (a,b) or between −90 and 50 mV (c) in 10-mV increments and back to −100 mV. The dashed line indicates the zero-current level. (d) Time courses of wild-type (WT) and 3/4 V478W-mutant (mut) channel ionic currents normalized to peak currents, elicited by stepping the voltage from the −80-mV holding potential to 50 mV. (e,f) Mean time constants (e) or currents (normalized to peak currents) remaining at the end of the 10-s voltage pulse (f); data in e and f are shown as mean ± s.e.m. (n = 16 independent measurements). (g) Normalized current (mean ± s.e.m.; n = 3 independent measurements) of wild-type or 3/4 V478W-mutant channels (Ch) against the concentration of wild-type or K27M-mutant AgTx2 (Tx). Superimposed curves are fits of a monomolecular inhibition model with K d (mean ± s.e.m.) values of 2.5 ± 0.5 nM for wild-type AgTx2 and wild-type channels, 9.2 ± 1.1 nM for wild-type AgTx2 and mutant channels, 0.58 ± 0.11 µM for mutant AgTx2 and wild-type channels, and 0.67 ± 0.06 µM for mutant AgTx2 and mutant channels. a r t i c l e s tryptophan, this mutant construct (denoted 3/4 V478W) exhibited a robust gating current but only modest ionic current at strongly depolarized potentials; the ratio of ionic and gating currents of 3/4 V478W was drastically lower (Fig. 1b,c) than that of the wild type. Over a 10-s sustained depolarization, the ionic current of 3/4 V478W declined to a greater extent and more rapidly than that of the wild type ( Fig. 1d-f) . As previously reported for wild-type channels 11 , accumulation of K + around the extracellular end of the pore, which stems from outward K + flux during the 10-s depolarization pulse necessary to elicit sizable inactivation, precludes meaningful examination of the effects of extracellular K + .
To determine whether the perturbation caused by the V478W mutation is limited to the S6-lined intracellular part of the pore or whether it propagates to the extracellular K + -selective part, we used the pore-blocking scorpion toxin AgTx2 as a probe 22 . When the toxin is bound to the pore from the extracellular side, the ε amine of its Lys27 residue 'displaces' K + from the outermost IS1 of the four ion sites (IS1-IS4) in the selectivity filter and directly interacts with the site [23] [24] [25] [26] . Replacing Lys27 with a neutral residue may affect the toxinchannel interactions in three ways. First, it inevitably eliminates the interaction between the amine and IS1 site, thus probably resulting in a modest effect, because ammonium ions traverse the selectivity filter as rapidly as K + ions and therefore do not strongly interact with the site. Second, the difference between Lys27's long alkyl chain and the mutant side chain can also perturb the channel-toxin interaction. Finally, the replacement may indirectly alter interactions elsewhere along the channel-toxin interface. It is therefore not surprising that the decreased channel-toxin affinity caused by a neutral mutation at the toxin's Lys27 varies greatly with both K + -channel type and substituting-residue type, ranging from 5-to over 10,000-fold (refs. 24, 25) . If the lower bound of this range (five-fold) primarily reflects the amine-IS1 interaction common to all cases, then the variable additional decrease in affinity reflects the two other types of perturbation. In agreement with this scenario, the 3/4 V478W mutation, suspected to perturb the IS1 site, decreased the channel-toxin affinity approximately four-fold, whereas, as previously shown 25 , replacement of Lys27 by methionine lowered the affinity to a much greater extent (Fig. 1g) . Furthermore, if a channel mutation had largely eliminated IS1's interaction with Lys27's amine but left other toxin-interacting loci unaffected, the affinities of a mutant toxin (with a neutral residue replacing Lys27) for both wild-type and mutant channels would be decreased to comparable levels. Here, the K27M-mutant AgTx2 indeed inhibited both wild-type and 3/4 V478W-mutant channels, with affinities decreased to comparable levels, suggesting that the channel's tryptophan mutation allosterically perturbs the Lys27-IS1 interaction (Fig. 1g) . This perturbation in turn explains why the V478W mutation enhanced inactivation. Thus, a Kv channel with all four valine residues replaced by tryptophan may provide useful structural insight into the inactivation mechanism.
Crystallization of the V406W-mutant Kv1.2-2.1 chimera Kv1.2, a mammalian Shaker ortholog, has successfully been used in crystallographic studies of mammalian Kv channels. One of its mutants, the so-called Kv1.2-2.1 (chimeric) channel, i.e., Kv1.2, which contains Kv2.1's voltage-sensor paddle sequence, forms crystals that diffract to higher resolution than does Kv1.2 itself 14 . In crystals, the pore of Kv1.2 and its mutants tends to adopt an open conformation 13, 14, 26, 27 . The above functional studies motivated us to examine the structure of Kv1.2-2.1 containing the V406W mutation (equivalent to Shaker's V478W) in all four subunits. As in the case of the Shaker channel, Kv1.2 bearing the same mutation coexpressed with a β subunit, carried no detectable ionic current (Supplementary Fig. 2 ). In our hands, Kv1.2 expressed less current than the Shaker channel, thus thwarting examination of the gating current of the mutant. Nevertheless, the V406W construct did yield enough protein for crystallographic studies. In the presence of 150 mM K + , the mutant protein crystallized in the P42 1 2 space group, the same space group as that of the original Kv1.2-2.1 construct (hereafter called wild type; PDB 2R9R), and each asymmetric unit also contained two molecules 14 . We solved the structures of both molecules (I and II) with a crystal diffracting to 3.3-Å Bragg spacing ( Table 1 ). The wild-type structure (PDB 2R9R) obtained at 2.4-Å resolution was used as the initial model and provided more accurate phase information than would be obtainable from 3.3-Å data. As in the wild-type structure, the S6 activation gate in both mutant molecules appears to be open.
Structural characteristics of mutant molecule I
We superimposed a section of molecule I's structure around the V406W residue on the corresponding 2F o -F c composite omit electron density map (Fig. 2a) . The four V406W side chains, one from each subunit, point toward the pore's central axis. The closest atom-atom distance between the side chains of V406W in two diagonally opposed subunits is 5.5 Å (Fig. 2b) , which is wider than the diameter of a K + ion of ~3 Å but narrower than a fully hydrated K + (~8 Å diameter). The V406W mutation causes clear structural perturbations in S6 and consequently in S5 (Fig. 2b) . Conformational changes to the local backbone are evidently necessary to accommodate the V406W side chain. In the mutant structure, the V406W side chain is sandwiched between those of Val402 in the same subunit and Pro403 in an adjacent subunit (Fig. 2a) . The nitrogen atom of the V406W side chain is 2.8 Å away from the carbonyl oxygen of Ala399 in the adjacent subunit. On the basis of this distance, the V406W side chain appears a r t i c l e s to attach to the main chain of the adjacent subunit via a hydrogen bond, which would help to stabilize the altered conformation. The residue triplet Pro401-Val402-Pro403 appears to act as a responsive joint that enables S6 to adjust its conformation. This adjustment also shortens the distance between the Pro401 carbonyl oxygen and the Ile405 amide from 3.6 Å (PDB 2R9R) to 3.2 Å, thus again allowing for formation of a hydrogen bond. These two new hydrogen bonds together may help stabilize the joint. In the Shaker channel, the ProVal-Pro triplet has been suggested to form a kink site in the region of the activation gate 28 . Structural perturbations caused by the V406W mutation, which are clearly evident in the region from residues 398 to 408 in S6, are not apparent in the more extracellular region toward the selectivity filter. In this latter region, perturbation may have been prevented by more extensive interactions of S6 with neighboring structures, including the so-called pore helix (Ser356-Thr369) to which the ion filter is attached (Supplementary Fig. 3 ). Although these, and possibly other, damping mechanisms effectively minimize propagation of visible perturbations to the more extracellular region, structurally minimal yet energetically impactful perturbations to the filter may still exist. Even if only a fraction of the ∆G from formation of the two new hydrogen bonds (per subunit) is propagated to the selectivity filter, this propagation might have a consequential effect on the filter.
The selectivity filter of the V406W mutant is generally similar to that of the wild type. The Cβ of Val377, which corresponds to Shaker Thr449, is scarcely affected (Supplementary Fig. 4) . However, in the mutant structure, the outermost set of K + -coordinating carbonyloxygen atoms of Tyr373 appear to move slightly in the intracellular direction ( Fig. 3a-c) . We compared the structures of Gly372-Tyr-373-Gly374 in wild-type (orange) and mutant (blue) channels, which we superimposed on an F o -F c omit map contoured at 5σ and 8σ (Supplementary Fig. 5 ; map calculated with a model with the three residues omitted). The distances from the hydroxyl-oxygen atom of Tyr373 to a nitrogen atom of Trp363 and to the hydroxyl-oxygen atom of Ser367 in a neighboring subunit remain within hydrogen-bonding range. Thus, Tyr373's side chain is held in place so that its carbonyloxygen atom cannot rotate much further. In the Shaker channel, a mutation of this tyrosine markedly enhances C-type inactivation 29 . Thus, the rotation of the carbonyl-oxygen atom of Tyr373 in one given subunit decreases its distance to that in the diagonally opposed subunit and its distance to the carbonyl-oxygen atom of Gly372 in the same subunit, thus apparently making IS1 slightly too small to readily accommodate a K + ion (Fig. 3c) . If this structural change is genuine and consequential, the electron density at IS1 should largely vanish. As shown below, this scenario is indeed what we observed. The mutant-tryptophan-induced free-energy change in S6 propagates to the filter's extracellular region, most probably through the structures around its intracellular region. If so, these structures must be relatively rigid, because they exhibit no observable changes. In support of this view, the filter's intracellular region is attached to the pore helix almost exclusively via backbone hydrogen bonds. In contrast, its extracellular region is primarily attached via side chains, and some of these side chain interactions involve water molecules (Supplementary Fig. 3 ). These features suggest that the extracellular region of the filter is inherently more flexible than the intracellular region and therefore is more susceptible to energetic perturbations. 
a r t i c l e s
In the filter of wild-type Kv1.2-2.1 (PDB 2R9R), all four ion sites exhibit clear electron densities 14 . In contrast, the IS1 density of the V406W mutant is invisible on a 2F o -F c composite omit map contoured at 1.7σ, despite the presence of 150 mM K + in the crystallization solution (Fig. 3d) . On an F o -F c map contoured at 5σ, visible density extends from the intracellular direction to the center of IS1 (Fig. 3e) . Evaluation of electron density within the selectivity filter on this map can be substantially confounded by local structures. To demonstrate this effect, we removed the filter in the model by omitting atoms within a cylinder of a 5-Å radius centered on the filter's axis (henceforth in all cases, filter removal was done as described here). In an F o -F c map recalculated with this filter-omitted model (also contoured at 5σ) the electron density at IS1 disappeared (comparison of Figs. 3f and 3e) .
Using one-dimensional electron density profiles along the central axis of the selectivity filter (Fig. 3a, vertical dashed line) , we further showed that removal of the narrow selectivity filter was in fact critical for uniform bulk-solvent correction. A control (Fig. 4a, magenta  curve) showed the one-dimensional density profile extracted from the F o -F c map for a model containing the selectivity filter. As expected from the F o -F c map itself (Fig. 3e) , the plot exhibited three distinct density humps at the loci expected for IS2-IS4 and some modest density at IS1. To assess bulk-solvent correction, we placed a string of dummy ions of zero occupancy along the selectivity filter (extending beyond both ends) to create a virtual vacuum in the filter, a maneuver intended to artificially prevent application of bulk-solvent correction there. Because the occupancy of these dummy ions was set at zero, they did not contribute to the phase. We then recalculated an F o -F c map, from which we again extracted the one-dimensional electron density profile along the filter (Fig. 4a, black curve) . The difference between the two one-dimensional density plots with and without solvent correction yielded the solvent-correction profile along the filter (Fig. 4a, blue curve) a r t i c l e s probably because the selectivity filter was only a few angstroms wide, a width too close to the probe size of 1.0-1.1 Å used in the various solvent-correction programs. Solvent correction was not applied to a zone 1.0-1.1 Å from any atom surface or to any space smaller than the probe size. If narrowness of the filter space causes nonuniform solvent correction, removing the filter should mitigate the problem. To test this possibility, we recalculated the F o -F c map by using the filter-less model, again with or without dummy ions. The difference between the one-dimensional density plots extracted from these two maps (Fig. 4b, black and magenta curves) showed a nearly uniform solvent correction along the filter (Fig. 4b, blue curve) . That the electron density at IS1 was present in the F o -F c map (Fig. 3e) but not the filter-omitted F o -F c map (Fig. 3f) was a consequence of inappropriate solvent correction and possibly a phase bias of the selectivity filter. We concluded that correct evaluation of the filter's K + densities on an F o -F c map should be carried out after omitting not just K + ions but also the filter.
After appropriate solvent correction and elimination of local model biases, the electron density at IS1 was insignificant in one-dimensional plots (Fig. 5a,b) , not just along the central axis but also perpendicular to it (Fig. 3a, vertical and horizontal black dashed lines) . In the view perpendicular to the central axis (Fig. 5b) , the density bumps at sites IS2-IS4 are distinct from the densities of the filter structure proper. In this particular case, a two-dimensional contoured (filter-omitted) F o -F c map (Fig. 5c) is arguably visually more informative and more completely captures all characteristics discussed above, as compared with a (filter-omitted) F o -F c map displayed at a single selected density level (Fig. 3f) .
Structural features of mutant molecule II
In molecule II, the V406W mutant residue also causes some structural perturbations in S6 and S5, although its side chain is not well ordered (Fig. 6a) . The selectivity-filter structure in this molecule is practically indistinguishable from that in the wild type (Fig. 6b) . Molecule II is generally less ordered than molecule I, a feature inherited from the wild-type crystal 14 . In molecule II, unlike molecule I, abundant electron density is present at the filter's IS1 (Fig. 6c,d) . Thus, in this molecule, the extracellular part of the selectivity filter must be stabilized by some structural factors that are not present in molecule I. Searching for possible causes that might stabilize the selectivity filter in molecule II, we found that molecules I and II differ in crystal contacts. In molecule I, the extracellular end of the pore faces a solvent cavity, whereas in molecule II, the so-called turret region, which surrounds the extracellular end of the selectivity filter, is involved in crystal contacts. Specifically Arg350 in the turret region of molecule II is within hydrogen-bonding distance of Asn148 in a β subunit of molecule I, and Asp351 is within bonding distance of Lys104 in the β subunit (Fig. 7) . These two hydrogen bonds appear to be the factors that counteract the energetic effect of V478W and thereby stabilize the selectivity filter in the conformation of the wild type.
DISCUSSION
Although the structural mechanism underlying C-type inactivation is presently controversial, its functional characteristics are well documented. For example, raising the extracellular concentration of permeant ions antagonizes inactivation, with a potency that correlates well with the filter's ion-selectivity sequence 10 , whereas decreasing K + supply to the filter promotes inactivation 30, 31 . A Ba 2+ ion, bound in the intracellular part of the selectivity filter in the C-type inactivated state, cannot access the extracellular solution 32 . These and other findings have led to the view that C-type inactivation in Kv channels is related to local structural changes and decreased K + occupancy in the extracellular part of the filter. Figure 3a ; the highest density is red, and the lowest is blue.
a r t i c l e s
Here, we found that the V478W mutation in S6 enhances inactivation of Shaker channels lacking N-type inactivation. Furthermore, using AgTx2 as a probe, we showed that this distant mutation also allosterically perturbs the outermost K + site in the channel's selectivity filter. This latter effect is not surprising, given that a mutation in S6 is already known to affect C-type inactivation and thus the selectivity filter 5 , and that S6 and the filter are known to be energetically coupled 33 . Like homotetrameric V478W-mutant Shaker channels, Kv1.2 channels with the equivalent mutation also carry no measureable ionic current after depolarization. We obtained crystal structures of mutant Kv1.2-2.1 in two states. In state I, four symmetric V406W residues generate a modest constriction of 5.5 Å in the S6 region, and the outermost set of K + -coordinating atoms, i.e., carbonyl oxygens of the Tyr373 residue in the selectivity filter, move slightly in the intra cellular direction. This alteration of the carbonyl-oxygen atoms results in a smaller IS1 (defined by eight carbonyl-oxygen atoms) with little density. In contrast, state II appears to have a conducting filter similar to that of the wild type. This difference between the two states most probably reflects that the extracellular end of the pore in state I faces a solvent cavity, whereas in state II it is involved in crystal packing, which stabilizes the selectivity filter in a conducting state (Fig. 7) .
In the first of two landmark studies, MacKinnon and colleagues obtained a crystal structure of KcsA at 3.2-Å resolution (here termed the original 3.2-Å-resolution structure) with only three resolvable ion-density peaks in the selectivity filter 9 . A second structure at 2-Å resolution (termed the 2-Å-resolution structure) displays a fourth peak 34 , thus raising the issue of whether at 3.3-Å resolution individual K + ions can be partially resolved. To examine this question, we used the phase information from the 2-Å-resolution structure 34 (omitting K + ions) to generate a one-dimensional electron density profile along the filter from the 2.0-Å-resolution diffraction data 34 either extended fully (i.e., to 2.0 Å) or truncated at 3.3 or 3.5 Å (Fig. 8a) . At 2.0-Å resolution, the four K + ions appear, as expected, as fully resolved peaks, whereas at 3.3-Å or 3.5-Å resolution, they appear as partially resolved a r t i c l e s peaks (bumps). These observations, and the separation of the four K + ions in the filter by 3.2-3.4 Å, suggested that the more accurate phase information provided by the 2.0-Å-resolution structure 34 might allow us to retrospectively and partially resolve all four K + density peaks present in the original 3.2-Å-resolution data 9 .
As a control, we first calculated from these 3.2-Å-resolution data 9 the one-dimensional density profile along the filter, using the phase information from the original 3.2-Å-resolution structure 9 (Online Methods). In agreement with the originally reported electron density map 9 , this one-dimensional plot displayed three partially resolved peaks (magenta curve, Fig. 8b) . We then rerefined a structure against the original 3.2-Å-resolution data 9 by using the phase information provided by the 2.0-Å-resolution structure 34 (Online Methods). The resulting structure (here termed the rerefined 3.2-Å-resolution structure) has R free = 25.6% and R work = 24.7% (Supplementary Table 1 and Supplementary Data Set 1). Using this rerefined 3.2-Å-resolution structure, we recalculated from the 3.2-Å-resolution data 9 the one-dimensional density profile, which exhibited four partially resolved density peaks along the filter (Fig. 8b, blue curve) . The above exercise indicated that with the 3.2-Å-resolution diffraction data, partial resolution of all four ion-density peaks in the selectivity filter is achievable in practice, provided that sufficiently accurate phase information is available, for example, from a high-resolution structure. In the present study, we partially resolved K + density peaks from the 3.3-Å-resolution diffraction data of V406W-mutant Kv1.2-2.1 by using the phase information from the existing 2.4-Å-resolution wild-type structure 14 .
KcsA, which architecturally resembles Kv's pore module but lacks voltage-sensing modules, has been used as a model to study C-type inactivation. KcsA activated by low intracellular pH (or a constitutively active mutant) undergoes inactivation 35 . In a crystal structure of KcsA obtained under low (3 mM) K + concentration, the peptide bond between Val76 and Gly77, which lines the middle part of the selectivity filter, is rotated relative to the structure obtained under a high (200 mM) K + concentration 34 . These conformational changes constrict the filter to ~2 Å and eliminate the middle two of the filter's four ion sites (IS1-IS4). Similar changes have been observed in a mutant constitutively active at neutral pH, and these changes have been suggested to provide a structural basis for C-type inactivation 36 . Subsequent studies have shown that a maneuver that prevents the rotation of the Val76-Gly77 bond does not prevent inactivation and that K + occupancy at IS2-IS4, but not at IS1, affects inactivation kinetics 37, 38 . The difference between our present structural findings in a Kv channel and those pertaining to inactivation in KcsA probably reflects that multiple types of structural changes in the selectivity filter can give rise to nonconduction. The different observations may also stem from these channels' different characteristics. For example, Kv and KcsA differ in how their selectivity filters are attached to the pore helix.
The structure of the human ether-à-go-go-related (HERG) K + channel, which naturally undergoes profound C-type inactivation 39, 40 , has recently been determined by cryo-EM at 3.7-Å resolution 41 . That study has shown that the orientation of Phe627's side chain differs slightly from that of a mutant with decreased inactivation 42 , and the orientation of this side chain in the mutant is more similar to those in other K + channels 41 . The difference in the orientation of Phe627's side chain has been suggested to be related to C-type inactivation. Residue Phe627 in HERG corresponds to Tyr 373 in Kv1.2-2.1.
In summary, in a Shaker Kv channel that lacks N-type inactivation, a valine-to-tryptophan mutation in S6 allosterically disrupts the outermost K + site of the selectivity filter and enhances inactivation. We obtained one structure of the corresponding Kv1.2-2.1 mutant that exhibits a smaller outermost K + site with little density. These structural findings are consistent with previously established functional-hallmark characteristics of C-type inactivation in mammalian Kv channels. The present structure of the K + selectivity filter may represent an elementary nonconducting conformation whose probability of occurrence depends on the conformational energy of S6, in which the activation gate is located, and can be modified by input energy to the filter from elsewhere in the channel.
METHODS
Methods, including statements of data availability and any associated accession codes and references, are available in the online version of the paper. a r t i c l e s ) . cDNA of the rat Kv1.2 α subunit in the pPIZC-C plasmid and cDNA of the rat Kv β2-subunit in the PCR3A+ plasmid were gifts from R. MacKinnon (Rockefeller University) and C. Deutsch (University of Pennsylvania), respectively. DNA sequencing revealed that residue 15 in the Kv1.2 cDNA used in our study was histidine, whereas this residue is leucine in the sequence deposited in NCBI (NP_037102). This residue was not resolved crystallographically.
Molecular biology. For expression in Xenopus oocytes, wild-type and mutant Shaker channels (with N-type inactivation removed) 4 including the concatemer construct, as well as wild-type and mutant Kv1.2, were all cloned in the pGEMHE plasmid 43 . The concatemer construct was designed as previously described 44 , with minor changes in the linker sequence. In our construct, the sequence was GQQQQQQQSGYPYDVPDYA(TR/AR)KLQL. Mutant cDNAs were produced through PCR-based mutagenesis and confirmed by DNA sequencing. The cRNAs were synthesized with T7 polymerase with the corresponding cDNAs (linearized with Nhe I) as templates.
For expression in Pichia pastoris, the Kv2.1-1.2 chimera cDNA was constructed as previously described 14 with some modifications. The chimeric cDNA, ligated into the multiple cloning site of the pPICZ-B vector (Invitrogen Life Technologies), contained five point mutations (N207Q, C31S, C32S, C431S and C478S), an N-terminal double Strep-tag and a thrombin protease-recognition site (MSAWSHPQFEKGGGSGGGSGGSAWSHPQFEKLVPRGS). The V406W mutation was created on this background. The construct with this mutation was combined with a pPICZ-B vector that already contained the cDNA of the β2 subunit (GI 8393646). After transformation, P. pastoris clones with successful genomic integration of the PmeI-linearized pPICZ-B plasmid containing the channel cDNAs were selected on agar plates containing yeast extract, peptone, dextrose (YPD), sorbitol and zeocin (100-800 µg/ml). Selected colonies were grown in liquid culture containing 400 µg/ml zeocin and were screened for protein expression with anti-Strep-tag western blotting.
Protein expression and purification. The clone of P. pastoris identified to express an adequate amount of protein was grown and induced as described below. All cells were grown in unbaffled flasks with a 1:3 medium/air ratio in a 30 °C shaker (200 r.p.m.) incubator (Innova 44). A single colony was inoculated into 100 ml YPD medium containing 200 µg/ml zeocin and was grown for 36 h. An ~40-mL aliquot was diluted with 2 L of buffered glycerol-complex medium (BMGY) to an optical density (OD) of ~0.5, then grown for 6-8 h until the OD reached 4-6. Cells were collected by centrifugation at 3,000g for 10 min at 20 °C, resuspended (OD of ~1) and grown in 8 L of buffered methanol-complex medium (BMMY). 24 h later, an additional dose of 0.5% methanol was added to sustain protein induction. The culture was harvested after 48 h by centrifugation (3,000g, 4 °C, 10 min), and the pellet was immediately frozen in liquid nitrogen and stored at −80 °C.
To purify the channel protein, frozen cells were broken with a Retsch MM 400 mixer mill or PM 100 planetary ball mill. In the former case, 3 min of milling at 20 Hz was repeated five times with an intervening 3 min of liquid-nitrogen cooling. In the latter case, 3 min of milling at 400 r.p.m., followed by 1 min of reverse rotation, was repeated ten times with 3 min of liquid-nitrogen cooling in between. The resulting frozen cell powder was thawed at room temperature in lysis buffer (0.8 g/ml). This and other buffers are all defined below. All subsequent steps were carried out at 4 °C. To isolate cell membranes, the thawed cell lysate was centrifuged at 2,000g for 10 min, and the resulting supernatant was ultracentrifuged at 100,000g for 100 min. The pellet containing cell membranes was resuspended in lysis buffer (0.25 g/ml) and homogenized on ice with a Dounce tissue homogenizer followed by a probe sonicator. After addition of dodecylmaltoside (DDM; 0.2 g per g membranes), the homogenized sample was stirred for 3 h in a cold room and centrifuged at 20,000g for 45 min. The supernatant was loaded onto a Strep-tactin column preequilibrated with lysis buffer containing 5 mM DDM. The column was washed with wash buffer (40× bed volume) and eluted with wash buffer containing 10 mM D-desthiobiotin (6× bed volume). The elution fractions identified to contain channel protein (in complex with the β subunit) were combined and concentrated to 0.5 mL with a Millipore Amicon Ultra 100K device and further purified on a Superose-6 (10/300) gel-filtration column preequilibrated in gel-filtration buffer. Gel-filtration fractions identified to contain the channel protein were pooled and concentrated to ~10 mg/mL with a Millipore Amicon Ultra 100K device. The concentrated sample was diluted with a buffer solution, which had the same composition as the gel-filtration buffer but without the detergent or lipids, and then was reconcentrated. This process was repeated until the DDM concentration reached 20-40 mM while the protein concentration remained at ~10 mg/mL. The detergent concentration of the sample solution was estimated by thin-layer chromatography against a set of standards. A detergent mixture was added to the channel-protein sample solutions; the resulting solutions contained approximately 8 mM CHAPS as well as 0.5-5 mM 6-cyclohexyl-1-hexyl-β-D-maltoside (Cymal-6) and 7-cyclohexyl-1-heptyl-β-Dmaltoside (Cymal-7) (1:1 molar ratio). The sample solutions were incubated at 20 °C for 1 h before crystallization trials.
The lysis buffer consisted of 150 mM KCl, 50 mM Tris-HCl titrated to pH 8.0, 5 mM β-mercaptoethanol, 2 mM Tris(2-carboxyethyl)phosphine (TCEP, titrated to pH 8.0 with NaOH), 2 mM 1,10-phenanthroline, 1 mM EDTA titrated to pH 8.0, 1 µg/mL aprotinin, 1 µg/mL leupeptin, 1 µg/ml pepstatin A, 0.1 mg/ml soybean trypsin inhibitor, 0.24 mg/ml 4-(2-aminoethyl) benzenesulfonyl fluoride hydrochloride (AEBSF), 5 µg/ml E64 and 1 mM PMSF.
The column wash buffer consisted of 150 mM KCl, 50 mM Tris-HCl titrated to pH 8.0, 5 mM β-mercaptoethanol, 2 mM TCEP-NaOH, 1 mM EDTA, 5 mM DDM and 0.1 mg/ml lipid mixture (3:1:1 ratio) of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC), 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine (POPE) and 1-palmitoyl-2-oleoyl-sn-glycero-3-[phospho-rac-(1-glycerol)] (POPG).
The gel-filtration buffer consisted of 150 mM KCl, 50 mM Tris-HCl, 10 mM DDT, 2 mM TCEP-NaOH, 1 mM EDTA, 2.5 mM DDM and 0.05 mg/ml lipid mixture (3:1:1 POPC/POPE/POPG); final pH was readjusted to 8.0 with NaOH.
Protein crystallization. All trials were performed with a Mosquito Crystal system (TTP) with the hanging-drop method by equilibration of a 1:1 mixture of protein and reservoir solutions against the reservoir solution. The reservoir solution contained 100 µl of 50 mM Tris-Cl, pH 8.3, and 29-31% PEG 400. Crystals appeared within 2 or 3 d after incubation at 20 °C, and the selected crystals were protected by raising the PEG 400 concentration of the reservoir solution to 35% 1 d before freezing in liquid propane and storage.
KcsA rerefinement and calculation of one-dimensional electron density maps. All reciprocal-space refinements and map calculations were performed with Phenix 50 , and real-space refinement was performed with Coot 48 . The KcsA structure was rerefined against the 3.2-Å-resolution diffraction data (PDB 1BL8) with the 2.0-Å-resolution structure (PDB 1K4C) for phase information and as the template of an initial model. The initial model contained no water, lipid molecules or K + ions. After cycles of rigid-body refinement, simulated annealing, minimization, B-factor refinement and manual building, four K + ions were built (with fixed coordinates) into the selectivity filter to occupy the space, but their occupancy was set to zero to eliminate their bias. A limited number of well-defined water molecules as well as the so-called cavity K + ion were also built into the model. The resulting model has an R free of 26.4% and an R work of 24.6%. The final model, in which the occupancy of K + ions was set to 0.5 and the B factors were refined, has an R free of 25.6% and an R work of 24 To calculate all one-dimensional electron density maps of KcsA, K + ions in all models were effectively removed from the structure by setting their occupancies to zero. The original 3.2-Å-resolution low-resolution model (PDB 1BL8) without K + ions (but not the 2.0-Å-resolution structure) was also subjected to refinement to remove the bias from K + ions. After the refinement, including cycles of simulated annealing and one cycle of TLS, the model, in which the occupancy of K + ions was set to zero, had an R free of 30.9% and an R work of 26.9%. Notably, the low-resolution data of the 3.2-Å-resolution data set (PDB 1BL8) were truncated to 10 Å, a maneuver that was typically used at the time to minimize bulk-solvent contribution. In the absence of adequate low-resolution data, the current bulk-solvent correction method is not applicable, and the procedure, which we implemented to achieve a uniform bulk-solvent correction in the selectivity filter of the Kv1.2-2.1 mutant structure, is therefore unnecessary here.
Electrophysiological recordings.
Xenopus oocytes injected with cRNAs were stored at 18 °C in an incubator with ND-96 solution and studied at least 16 h later 51 . Channel currents were recorded from oocytes with a two-electrode voltage-clamp amplifier (Warner OC-725C; Harvard Apparatus), filtered at 1 kHz and sampled at 10 kHz with an analog-to-digital converter (Digidata 1322A; MDS Analytical Technologies) interfaced to a PC. pClamp8 software (Molecular Devices) was used for amplifier control and data acquisition. The bath solution contained 100 mM KCl, 0.3 mM CaCl 2 , 1 mM MgCl 2 and 10 mM HEPES; pH was adjusted to 7.6 with KOH unless otherwise specified. The resistance of electrodes filled with 3 M KCl was approximately 0.2 MΩ. Gating currents were isolated with the P/4 protocol 21 . Synthetic wild-type and mutant K27M AgTx2 were folded by means of air oxidation and purified with a C18 HPLC column. For all toxin-titration experiments, the extracellular solution contained 2 mM KCl, 0.3 mM CaCl 2 , 1 mM MgCl 2 , 10 mM HEPES and 50 µg/ml of BSA; the pH was adjusted to 7.6 with KOH. Data analysis and curve fitting were performed with OriginPro 8 (OriginLab). The figures were made with OriginPro 8 and CorelDRAW X4 (Corel).
A Life Sciences Reporting Summary for this paper is available.
Data availability.
Coordinates and structural factors for the Kv1.2-2.1 V406W mutant have been deposited in the Protein Data Bank under accession code PDB 5WIE. All other data are available from the authors upon reasonable request.
